In Brief Dombrovski et al. report that a pathway in the visual system comprising Rh6 photoreceptors and downstream lOLP interneurons acts as a movementdetecting module regulating visually guided cooperative behavior in Drosophila larvae. It also represents a cellular substrate for experiencedependent pre-and postsynaptic plasticity in the visual system SUMMARY Cooperative behavior emerges in biological systems through coordinated actions among individuals [1, 2] . Although widely observed across animal species, the cellular and molecular mechanisms underlying the establishment and maintenance of cooperative behaviors remain largely unknown [3] . To characterize the circuit mechanisms serving the needs of independent individuals and social groups, we investigated cooperative digging behavior in Drosophila larvae [4] [5] [6] . Although chemical and mechanical sensations are important for larval aggregation at specific sites [7] [8] [9] , an individual larva's ability to participate in a cooperative burrowing cluster relies on direct visual input as well as visual and social experience during development. In addition, vision modulates cluster dynamics by promoting coordinated movements between pairs of larvae [5] . To determine the specific pathways within the larval visual circuit underlying cooperative social clustering, we examined larval photoreceptors (PRs) and the downstream local interneurons (lOLPs) using anatomical and functional studies [10, 11] . Our results indicate that rhodopsin-6-expressing-PRs (Rh6-PRs) and lOLPs are required for both cooperative clustering and movement detection. Remarkably, visual deprivation and social isolation strongly impact the structural and functional connectivity between Rh6-PRs and lOLPs, while at the same time having no effect on the adjacent rhodopsin-5-expressing PRs (Rh5-PRs). Together, our findings demonstrate that a specific larval visual pathway involved in social interactions undergoes experience-dependent modifications during development, suggesting that plasticity in sensory circuits could act as the cellular substrate for social learning, a possible mechanism allowing an animal to integrate into a malleable social environment and engage in complex social behaviors.
RESULTS

Rh6-PRs and lOLP Neurons Are Required for Cooperative Social Clustering
The simple larval visual system [12] is an effective model to dissect the cellular pathways underlying visually guided behaviors. Compared to the complexity of adult Drosophila compound eyes [13] , the larva has only twelve photoreceptors (PRs) on each side, which reside in the Bolwig's organ and project to a small compartment in the larval brain called the larval optic neuropil (LON) ( Figure 1A ) [11, 12, [14] [15] [16] . Four of these PRs express rhodopsin-5 (Rh5-PRs), and eight express rhodopsin-6 (Rh6-PRs). PRs exhibit different spectral sensitivity with distinct functions and connectivity patterns to the downstream visual interneurons. Recent connectome studies revealed that Rh5-PRs synapse directly onto visual projection neurons (VPNs) that relay information into the higher order brain regions. In contrast, the majority of Rh6-PR axonal terminals first project to two reciprocally connected visual local interneurons named optic lobe pioneer neurons (lOLPs) ( Figure 1B ), one cholinergic (cha-lOLP) and another glutamatergic (glu-lOLP), which in turn converge onto the VPNs ( Figure 1A ) [11, 16, 17] . Importantly, the latest studies have shed more light on the possible correlation between structure and function of the Rh5-PR and Rh6-PR/lOLP pathways in larval visual system. Although Rh5-PRs implement general visual processes, such as light-dark discrimination, circadian entrainment, and visual associative learning [12, 14, 15, [18] [19] [20] , Rh6-PRs have a specific role in processing temporal cues [10] . The focus of our study was a deeper investigation of the properties of visual pathways in the context of complex larval behavior.
Given the essential role of vision and visual experience in the emergence of larval cooperative clustering behavior [5] , we aimed to elucidate the functions of PR subtypes via two assays that provide quantitative measurements of larval engagement into social groups and intra-cluster visually guided cooperation, respectively [5] . In the 2D clustering assay, the percentage of larvae participating digging clusters (Figures 1C, top, and S1B) serves as an indicator of their ability to form cooperative groups, and the temporal delays between digging movements of neighboring larvae within a cluster (Figures 1C, bottom, and S1C) measure the ability of larvae to follow each other and maintain the cluster's integrity. The minimal temporal delay between , and the majority of Rh6-PRs axon terminals connect to two local interneurons (lOLPs) that subsequently converge onto the VPNs. Either PR type is sufficient for circadian entrainment, but only Rh5-PRs are necessary for light avoidance behavior. Perception of temporal light cues is implemented by the Rh6-PR/lOLP pathway, and Rh5-PRs perceive spatial light cues [10] .
(B) PR axonal terminals form connections with lOLPs in the LON. R84E12-Gal4 (labels both lOLPs), R72E03-GAL4 (labels glu-lOLP), and R84E12-GAL4; VGluT-GAL80 (labels cha-lOLP) were used to drive the expression of upstream activating sequence (UAS)-mCD8::GFP. neighboring larvae indicates their synchronized movements that are important for maintaining the cluster integrity. Therefore, we used these two parameters to assess the role of vision in larval cooperative behavior [5] . Consistent with the essential role of Rh5-PRs in general vision [10-12, 14, 15, 21] , both genetic mutants of Rh5 and larvae with genetically silenced Rh5-PRs displayed a significant reduction in their engagement in clusters ( Figure 1C, top) , coupled with increased time delays between neighbors ( Figure 1C, bottom) . Surprisingly, Rh6 mutants and larvae with silenced Rh6-PRs showed similar behavioral deficits ( Figures 1C, S1B , and S1C), suggesting that both Rh6-and Rh5-PRs are important for social clustering. Because Rh5 and Rh6 are also expressed outside of the larval PRs and are involved in regulating larval thermal preference [22] , to demonstrate the clustering functions of Rh5/6 specifically in PRs, we genetically ablated the PRs using a GMR-hid transgene. This manipulation largely eliminated larval PRs through the expression of a cell death gene hid driven by an eye-specific enhancer [23] and produced phenotypes similar to Rh5/6-PR mutant animals and larvae with silenced PRs ( Figure 1C ).
Next, we tested whether lOLPs, the downstream targets of Rh6-PRs, are required for clustering. Specific enhancer GAL4 lines were used to label and genetically silence both lOLPs (R84E12-Gal4), the glu-lOLP (R72E03-Gal4) and the cha-lOLP (R84E12-Gal4; VGluT-Gal80; Figure 1B ) [17] . Silencing the chalOLP, glu-lOLP, or both resulted in a significantly reduced percentage of larvae forming clusters ( Figure 1D , top), accompanied by increased time delays between neighbors ( Figure 1D , bottom). These results strongly suggest that the Rh6-PR/lOLP circuit is required for visually guided social clustering.
Social Clustering and Movement Detection Share a Common Visual Pathway that Is Sensitive to Visual Experience To determine whether social clustering engages visual processing beyond the simple perception of light, we compared the percentages of larvae that exhibit light avoidance [18] or form clusters using population assays [5] . Consistent with the results obtained from the 2D clustering analysis ( Figures 1C and 1D) , a significant reduction of the clustering frequency was observed in larvae with compromised Rh6-PRs and either or both lOLPs, which are phenotypically indistinguishable from blind animals (GMR-hid) and larvae with altered Rh5-PR function (Figure 2A ). In contrast, interfering with the function of either Rh6-PRs or any of the lOLPs had no effect on light preference in larvae ( Figure 2B ), confirming their dispensable role in general vision [10, 20, 24] .
Previous studies indicate that the larval visual system is capable of sensing the movements of other larvae [25] . As visually guided clustering behavior likely requires identifying movement patterns of neighboring larvae, we next tested movement detection using larval visual attraction assays [25, 26] . This behavioral test examines the degree of larval attraction to a tethered moving larva as compared to a large stationary object (Figure S1D ). In accordance with the assumption that attraction to a fixed target reflects the detection of the differences in light intensity or contrast (i.e., serving as a measure of general vision), we observed that impaired function of Rh5-PRs significantly reduced the time spent near both fixed as well as moving targets ( Figure 2C ). On the other hand, larvae with only compromised Rh6-PR cells displayed altered attraction to a moving target but maintained normal levels of attraction to a fixed target (Figure 2C ). In addition, genetic silencing of both lOLPs was sufficient to reduce moving target attraction without affecting fixed target detection, mimicking the phenotype of animals with compromised Rh6-PRs ( Figure 2C ). Importantly, compared to the wild-type controls, none of the manipulations generated significant changes in the larvae's locomotor activity, suggesting that the altered attraction levels to either moving or fixed target are not due to locomotion deficits ( Figure S1E ).
Taken together, our behavioral studies revealed a correlation between the results of cooperative clustering experiments and moving target attraction assays, both of which require normal function of Rh6-PRs and lOLPs. These findings support the notion that, in order to perform cooperative social digging behavior, larvae utilize the Rh6-PRs/lOLP pathway to detect movements and coordinate actions between neighbors. Due to the strong impact of temperature shifts on larval clustering behavior, we did not perform the conditional silencing experiments using either Gal80 ts or Shi ts . Therefore, we cannot exclude the possibilities that potential developmental defects caused by silencing either Rh6-PR or lOLPs contribute to the phenotypes we observed. Future studies using other inducible neuronal silencing techniques could resolve this issue and reveal the specific developmental stages associated with the Rh6-PR/lOLP functions in larval clustering.
Our previous findings indicate that social isolation affects the larval ability to detect moving, but not fixed, targets and that prior exposure to light and other larvae is necessary for the emergence of clustering behavior [5, 25, 26] . Given the close connection between these behaviors, we hypothesized that visual experience is also necessary for movement detection, but not general vision (light-dark discrimination). To test this, we subjected larvae to either light or dark rearing conditions since egg laying and then analyzed their light avoidance and visual attraction to fixed and moving targets. We found that neither light preference nor levels of fixed target attraction were affected by light deprivation ( Figure 2D ). In contrast, dark-reared animals performed poorly on moving target attraction assays ( Figure 2D ), strengthening the argument that movement detection and social clustering behaviors share a common cellular pathway strongly influenced by visual experience during development.
Rh6-PRs, but Not Rh5-PRs, Are Modified by Visual and Social Experience during Development Next, we asked whether substantial structural and functional plasticity can be observed in Rh6-PRs or the lOLPs expression of UAS-Kir2.1 in Rh5-PRs, Rh6-PRs, and both lOLPs, glu-lOLP and cha-lOLP, respectively (D). Manipulations with Rh6-PRs and either or both lOLPs significantly reduce the percentage of larvae forming clusters (C and D, top) and increase intra-cluster time delays between larvae (C and D, bottom). Error bars represent SEM. See also Figure S1 . accompanying the acquisition of movement detection and clustering behavior during development. To study the morphological plasticity in the larval visual circuit, we started by investigating the effect of light on the development of PR presynaptic terminals. Previous studies [12, 16] indicate that PR axons form around four globular presynaptic terminal boutons per PR, starting from the first instar stage. We visualized these boutons by expressing fluorescent markers in Rh5-and Rh6-PRs ( Figure S2A) . Notably, although the size of Rh5-PR boutons remained largely unchanged between second (L2) to late third (L3F3) instar, a significant increase in size was observed in Rh6-PR boutons ( Figure S2A ). To assess bouton sizes with improved spatial resolution, we took advantage of the Brainbow Multicolor Flip-Out (MCFO) technique [27] to visualize single PRs and individual presynaptic boutons (Figures 3A, S2B, and S2C; Video S1). This was followed by reconstruction and quantification of the bouton size using 3D visualization and analysis software [28] ( Figure S2C ). Consistent with previous observations, the diameters of Rh5-PR boutons maintain a stable size throughout larval development ( Figures 3A and 3C ). In contrast, Rh6-PR boutons display a consistent growth that is especially notable between the L2 and L3F3 stages ( Figures 3A, 3C , and S2B), coinciding with the time when larvae acquire experience-dependent attraction to a moving target and clustering behavior [5, 26] .
To test whether the development of the Rh6-PR bouton is also affected by visual and social experience, we compared animals reared in light versus dark since egg laying. Unlike Rh5-PR boutons, which did not change in size between the two conditions ( Figures 3B and 3C) , dark rearing produced a strong effect in Rh6-PRs, where the size of presynaptic boutons showed a 2-fold difference at the L3F1 stage and almost a 3-fold difference at the L3F3 and L3Fc stages when compared to light-reared control animals ( Figures 3B and 3C ). We next reproduced the effect of light deprivation on Rh6-PR bouton size using genetic silencing experiments, in which a GFP-tagged potassium channel Kir2.1 was expressed in the PRs to reduce neuronal excitability while providing a fluorescent marker for measuring bouton size [14, 29] . Compared to the control group expressing regular GFP, Rh5-PRs expressing Kir2.1::GFP showed no change in their bouton size, and Rh6-PRs with Kir2.1::GFP displayed a significant decrease in bouton size at all larval stages tested (Figure 3D ). These findings strongly support the idea that, as a cellular substrate for social clustering, Rh6-PRs require visual input for proper morphological development.
The emergence of moving target detection likely underlies social clustering and, as we show, is provided by the Rh6-PR/lOLP pathway and relies on visual input within a specific time window during late L2-early L3F1 stages [26] . We wondered whether the effect of visual experience on Rh6-PR bouton development is also restricted to this specific developmental period. To address this question, we used two paradigms for time-specific light deprivation with subsequent assessments of presynaptic bouton size in Rh5-and Rh6-PRs. All larvae were tested in the mid-L3F3 stage ($132 h after egg laying [AEL]). ''Dark-since'' larvae were first raised in light and then transferred into darkness beginning from a designated stage (L2, L3F1, or L3F2), and ''light since'' were first raised in the darkness and then transferred into light (beginning from L2, L3F1, or L3F2 stages; Figure 3E ). This allowed the larvae to experience controlled exposures to light. The results were compared to the all-light-reared positive control and the all-dark-reared negative control.
As expected, time-specific light deprivation using either paradigm produced no observable effect on the Rh5-PR bouton size ( Figure S2D ). In contrast, light deprivation starting from the L2 stage for various durations, including a short 36-h period of light deprivation right before testing, was sufficient to significantly reduce Rh6-PR bouton size to the level of the negative control ( Figure 3E ), suggesting a sustained requirement of light input after the L2 stage. Results obtained from the light since paradigm support this observation; boutons of animals deprived of light before entering the L2 stage (''light since L2'') were not different from the positive control ( Figure 3E ). On the other hand, although Rh6-PR boutons of larvae deprived from light until L3F1 and L3F2 were larger than the negative controls, they were also significantly smaller than light-reared positive controls. Combined results from these time-specific visual deprivation experiments indicate that the light exposure during the L2-L3F1 stages is necessary, but not sufficient for the normal expansion of Rh6-PR boutons, which appear to be regulated by the overall duration of light exposure during larval development.
Given the essential role of social conditioning in the acquisition of moving target attraction and clustering behavior [5, 26] , we tested whether social interactions influence PR bouton morphology by comparing PR bouton sizes in larvae raised in groups (social) or in isolation (isolated; Figures 3F and S2E ). As expected, no differences were observed in Rh5-PR bouton size between social versus isolated groups ( Figure S2E ). However, prolonged social isolation (since the L2 and since L3F1 stages) reduced bouton size in Rh6-PRs, and isolation later in Rh6-GAL4>UAS-Brainbow light-reared; n = 70, 46, 110, and 80 for Rh6-GAL4>UAS-Brainbow dark-reared (L2, L3F1, L3F3, and L3Fc stages, respectively). Error bars represent 99% confidence intervals. (D) Activity-dependent presynaptic bouton growth in Rh6-PRs. Quantification of the Rh6-PR bouton sizes is shown. Expression of GFP-tagged Kir2.1 in PRs hindered Rh6-PR bouton growth but had no effect on Rh5-PR boutons. The control groups express regular GFP. n = 57, 61, and 66 for Rh5-GAL4>UAS-GFP; n = 67, 71, and 66 for Rh5-GAL4 > UAS-Kir2.1::GFP; n = 59, 63, and 54 for Rh6-GAL4>UAS-GFP; n = 97, 146, and 58 for Rh6-GAL4 > UAS-Kir2.1::GFP (L3F1, L3F3, and L3Fc stages, respectively). Error bars represent 99% confidence intervals. (E) The development of Rh6-PR presynaptic boutons relies on light input, starting from the L2 stage. Quantification of the Rh6-PR bouton sizes collected from the time-restricted, dark-rearing experiments is shown. Compared to the light-reared control group, dark rearing since either egg laying or the L2, L3F1, and L3F2 stages all led to significant reductions of Rh6-PR bouton sizes. Similar effects were observed in animals dark reared until the L3F1 and L3F2 stages. Dark rearing until the L2 stage did not produce a significant effect compared to the light-reared control group. Error bars represent 99% confidence intervals. (F) Social interactions during the L2-L3F1 stages contribute to the visual input that supports Rh6-PR bouton development. Compared to the group-reared controls, social deprivation starting from either the L2 or L3F1 stages generated significant differences in presynaptic bouton size in Rh6-PRs. No difference was seen in animals isolated since the L3F2 stage. Error bars represent 99% confidence intervals. See also Figure S2 and Video S1. development (since L3F2) did not produce a significant reduction ( Figure 3F ). This result is consistent with the late L2-early L3F1 stage being the critical period for development of movement detection underlying social clustering [5, 26] . Importantly, the overall effect of social isolation on bouton morphology was notably less than the effect of light deprivation, suggesting that visual cues perceived from other larvae likely constitute only part of the general visual experience for the developing larvae.
Taken together, we demonstrate that presynaptic boutons in Rh6-PRs, but not in Rh5-PRs, are susceptible to experiencedependent structural plasticity and require exposure to light and social environment for proper development. Importantly, these observations are in line with our behavioral results and further strengthen the role for Rh6-PRs in social clustering.
Functional Connectivity between Rh6-PRs and lOLPs Is Regulated by Visual Experience
To examine whether the Rh6-PR bouton size changes have physiological relevance, we next examined the number of Rh6-PR synaptic contacts as well as their functional connectivity to downstream IOLPs. To identify putative synaptic sites generated by Rh6-PR axonal projections (Video S2), we used a mCherrytagged presynaptic active zone component Bruchpilot (Brp). The Brp::mCherry puncta label presynaptic release sites and provide quantitative assessments of the number of putative synapses [30] [31] [32] .
Images obtained from the larval brain indicate that Rh6-Brp:mCherry puncta mark the Rh6-PR presynaptic terminals in close proximity with lOLP projections ( Figure S3A ). Using 3D reconstruction and quantification ( Figure S3B ), we measured the number and total volume of the Rh6-Brp:mCherry puncta in larvae subjected to light or dark rearing since egg laying. We found that the effect of light deprivation on Rh6-Brp:mCherry puncta was similar to the one observed for Rh6-PR bouton morphology; starting from the L3F1 stage, both number and total volume of the puncta were significantly reduced in dark-reared animals compared to the light-reared controls ( Figures 4A, 4B , and S3C). In addition, the time-restricted light deprivation experiments also produced similar results to the ones obtained from the Rh6-PR bouton morphology analyses. Even a short 36-h period of darkness right before the testing is sufficient to generate a significant decrease in the number of Rh6-Brp:mCherry puncta, although early light deprivation with a long recovery period leads to only moderate changes (Figure S3D) . Consistent with the findings for Rh6-PR bouton development, the presynaptic terminals of Rh6-PRs also displayed sensitivity to social conditions; both number and volume of Rh6-Brp:mCherry puncta were reduced in isolated animals as compared to the group-reared controls ( Figures 4C and S3E) .
Together, these experiments suggest that, besides regulating the growth of Rh6-PR boutons, light and social conditions during development also influence the number of presynaptic sites generated by Rh6-PR axonal projections, which potentially leads to changes in circuit properties and corresponding behaviors. To test whether light or social deprivation leads to deficits in functional connectivity between Rh6-PRs and downstream lOLPs, we examined light-elicited physiological responses in lOLPs using calcium imaging [33, 34] . This approach allowed us to observe light-induced activation of cha-lOLP, corresponding to a large and immediate calcium rise, as well as light-induced inhibition in glu-lOLP, corresponding to an initial dip followed by a small and delayed calcium transient ( Figure 4D ) [17] . Compared to the light-reared control animals, dark-reared larvae showed significant reductions in the amplitude of lOLPs' calcium responses, suggesting that light deprivation dampens light-elicited activity in both cha-and glu-lOLPs ( Figure 4E ).
On the other hand, social isolation, which produced a mild reduction of the number of Rh6-PR presynaptic terminals (Figures 4C and S3E ), did not generate significant reductions in light-elicited calcium responses in either lOLP ( Figures 4F and  4G ). Although it is likely that our calcium-imaging approach is not sensitive enough to detect subtle changes in the lOLP physiology, it is also possible that behavior deficits induced by social isolation are due to its profound impacts on the larval nervous system, beyond morphological and/or physiological alterations in the Rh6-PR/lOLP pathway. More sensitive recording methods with improved spatial and temporal resolutions are likely needed to discern those possibilities.
DISCUSSION
Visual Function in Larval Social Interactions
Drosophila larvae perform cooperative digging to facilitate food digestion and to avoid desiccation and predators [35, 36] . It is therefore not surprising that multiple sensory inputs are utilized to ensure the establishment and maintenance of this ethologically important behavior. Previous studies indicate the involvement of pheromone detection, olfaction, nutrient sensing, and mechanosensation in larval aggregation, which initiates social interactions [7] [8] [9] . However, to form coordinated actions within the social clusters and maintain these dynamic structures over time, visual recognition of other larvae's movements is also required [5, 25, 26] . Visual regulation of larval social clustering elevates the complexity of the behavior and incorporates the possibility of experience-dependent modification through sensory experience and social learning.
Although there is a strong correlation between the Rh6-PR bouton size and the larva's ability to efficiently engage in social clusters, due to the complex effect of visual activity on Rh6-PR bouton development, lOLP light responses, and clustering behavior, the causal relationship among these events are yet to be determined. Genetic manipulations targeting specific Figure S3 and Video S2. molecular pathways will be essential to illustrate the functional role of the plasticity we observed.
A Plastic Movement-Detecting Pathway in the Larval Visual Circuit
The most striking finding of this study is the distinction between Rh5-and Rh6-PRs. Behavioral studies indicate that Rh5-PRs are essential for most vision-related behaviors in larvae. Rh6-PRs, on the other hand, appear to be generally dispensable for light-induced behaviors, with the exception of being required for the perception of temporal light information during larval navigation [10, 11, 14, 15, [19] [20] [21] 24] . The data presented here illustrate functions of the Rh6-PRs in movement detection and social clustering, thus clearly demonstrating a specific requirement of Rh6-PR/lOLP pathway in complex visual processing. These observations also raise important questions about how larvae compute motion using a primitive visual circuit. Although direct physiological evidence is still missing, connectome studies indicate that, besides the inputs from Rh5-PRs, larval VPNs also receive inputs from both cha-and glu-lOLPs, which, as shown by our recent physiological studies, are ON and OFF detectors, respectively [17] . Therefore, similar to the direction-selective movement detectors in adult fly visual systems and mammalian retinas [13, 37, 38] , larval VPNs possess the intrinsic ability to integrate spatial and temporal information of the visual scene and compute motion [10, 11, 17] . The specificity of larval visual processing likely emerges at the level of these VPNs, the majority of which have not yet been characterized. Future investigations on individual VPNs will identify the downstream target of Rh6-PR/lOLP in regulating social clustering.
Remarkably, although both PRs are required for social clustering and movement detection, only Rh6-PRs exhibit susceptibility to alterations of the visual and social environment. The increases in Rh6-PR bouton size and synapse number occur after the L2 stage, temporally correlating with the emergence of clustering behavior as well as the critical period required for the development of movement detection. Taken together, these differences between the Rh5-and Rh6-PR pathways suggest that the restricted cellular resources in the larval nervous system demand effective use of a simple circuit, which is compartmentalized into a hard-wired, light-sensing apparatus and plastic movement detectors.
In conclusion, our studies suggest that plasticity in a specific visual pathway could potentially support the social learning required for the emergence of larval cooperative behavior and thus provide an example of how the ''social brain'' is established in the nervous system that serves the needs of both independent individuals and cooperative social groups. In addition, the striking differences in Rh5-and Rh6-PRs' susceptibility to visual deprivation also opens up new avenues for molecular studies on experience-dependent structural plasticity. Although decades of investigations have established Drosophila larvae as an effective model system for behavioral analyses on functional plasticity, including learning memory, addiction, and sleep regulation [39] [40] [41] [42] [43] , there are only limited examples of structural plasticity in Drosophila CNS [29, 44] . Molecular understanding of the phenomenon we observed in larval visual circuit will not only help us identify the common components involved in social learning and associative learning but also provide a comprehensive view on how structural and functional plasticity is cooperatively regulated during development for the acquisition of complex behaviors.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: periods. For light avoidance, moving or fixed target attraction assays, Brp puncta measurements and calcium imaging in lightdeprived animals ( Figures 2D, 4A , 4B, and 4E), larvae were reared in darkness since egg laying, then tested in light at the middle of the L3F3 stage (132h AEL) for behavioral assays and calcium imaging or at the designated stage for Brp puncta measurements. For clustering assays in light-deprived animals ( Figure 2D ), 200 larvae were reared in the darkness until the L2 stage, then transferred into a vial with pre-processed food under infrared light until being transferred onto the 2D apparatus in light for percentage in clusters and time delay measurements in the middle L3F3 stage. All assays were performed as described in the corresponding methods section. For morphological measurements (Figure 3 ) all larvae were tested in the middle L3F3 stage after being reared in the designated light/dark conditions. For the ''dark since'' paradigm, larvae were reared in constant light until the designated stage (L2, L3F1 or L3F2), then transferred into darkness until dissection at the middle L3F3 stage. For ''light since'' paradigm, larvae were kept in the darkness since egg laying until the designated stage (L2, L3F1 or L3F2), then transferred to constant light conditions until dissection at the middle L3F3 stage.
Social isolation experiments
The technique of social isolation was generally adapted from our previous study [26] . Animals were raised under normal social conditions until the L2 stage (48h AEL) for Brp puncta measurements ( Figure 4C ) and calcium imaging ( Figure 4F ) or until the designated stage (L2, L3F1 or L3F2) for bouton measurements ( Figures 3F and S2E) , then individually transferred into separate food plates and reared in isolation under otherwise normal conditions until the middle L3F3 stage with subsequent dissections.
Stochastic Multicolor Flip-Out (Brainbow) technique
For visualization of presynaptic boutons in individual PR cells, Rh5-GAL4 and Rh6-GAL4 lines were used to drive the expression of UAS-Brainbow in PR cells [27] . To ensure stochastic labeling of about 15%-20% cells ( Figures 3A, 3B , S2B, and S2C), larvae were heat shocked at 38 C for 30min during the middle L1 stage (36h AEL), transferred back to normal temperature and dissected at the designated stage.
Video recordings
For behavioral assays, videos were recorded on an iPhone 5 at full resolution and 1 frame/2 s (for visual attraction assays), 1 frame/ 10 s (for percentage larvae in 2D clusters) or 1 frame/60 s (for cluster frequency in vials and light avoidance assay) using ''Lapseit'' software. For time delays in 2D clusters measurements, a Nikon D3100 CMOS camera with 50mm lens and fitted with a Raynox Macroscopic 4x lens was used. Videos were recorded at 24fps at 1920x1080 resolution. Video analysis was further performed in iMovie followed by ImageJ and customized Python-based software (see Segmentation and Tracking for more details).
Immunohistochemistry and confocal imaging Unless specified, brains were collected from middle L3F3 larvae (132h AEL) and placed in the fixative solution (4% paraformaldehyde (PFA) in PBS at pH 7.4) for 1 hr, then washed in PBS for 10 min and transferred into permeabilizing solution (0.2% Triton X-100 in PBS (PBST)) and incubated overnight in primary antibodies at 4 C. The brains were then washed with PBST (3x10 min at room temperature) and incubated with the appropriate secondary antibodies overnight at 4 C. The stained brains were washed in PBST (3x10 min at room temperature) and in PBS (1x10 min at room temperature), then mounted on slides using antifade solution. Images were captured with Nikon eclipse E800 microscope (100x, oil-immersion lens, NA = 1.3) equipped with a Hamamatsu ORCA-ER camera and a PerkinElmer spinning disc confocal unit using Perkin Elmer v5.5 acquisition software. The microscope and camera were calibrated using calibration beads, Fluorescent Microspheres Kit (6 mm, Molecular Probes, F-24633). All images were acquired using 2x2 binning and 0.14 mm-thick sections at 80x60mm resolution. Exposure times varied from 150 to 700 ms, depending on the intensity of the immunofluorescence. The following primary antibodies were used: anti-GFP (chicken, 1:1000, RRID:AB_300798), anti-serotonin (rat, Visual stimulation and two-photon calcium Imaging Late third instar larvae (L3F3 stage) expressing R84E12-Gal4 driving UAS-GCaMP6f were used for calcium imaging experiments that were performed during the subjective day between ZT1-ZT8 (ZT: zeitgeber time in a 12:12h light/dark cycle; lights-on at ZT0, lightsoff at ZT12). Procedures for dissection and preparation of larval brain explants were as described [29] . The eye-brain explant containing the Bolwig's organ, the Bolwig's nerve, eye discs and the larval brain were dissected in PBS and then transferred into an external saline solution (120 mM NaCl, 4 mM MgCl2, 3 mM KCl, 10 mM NaHCO3, 10 mM Glucose, 10 mM Sucrose, 5 mM TES, 10 mM HEPES, 2 mM Ca 2+ , PH 7.2) and maintained in a chamber between the slide and cover-glass during the recording sessions. Two photon imaging of GCaMP6f was performed on a Zeiss LSM 780 confocal microscope equipped with a Coherent Vision II multiphoton laser. Time-lapse live imaging series were acquired at 100 ms per frame for 1000 frames using a 40x water objective with the 2photon laser tuned to 920 nm. Typical resolution for a single optical section is 256 mm x 96 mm with 3x optical zoom. The preparation was stimulated by 100 ms light pulses generated by the 561 nm confocal laser and delivered using the photobleaching program in the Zen software.
QUANTIFICATION AND STATISTICAL ANALYSIS
Segmentation and tracking a. Visual attraction assays A Python-based tool (see link below) was developed to track larval movements on a Petri dish. The input for the analysis is a video containing a single 100 mm Petri dish in which a single larva is allowed to move. Before the analysis begins, the user is required to select 5 points along the perimeter of the Petri dish (arena) and 5 points around a region of interest (target) within the arena. These points are used to generate two ellipses. The arena ellipse is used to correct for perspective deformation, the target ellipse is used to evaluate when the larva is within the target region, and the barycenter of the two ellipses is used to align the heatmaps (see below) from different assays allowing for direct comparison. The video processing begins with background removal. The background is continuously estimated from the frames of the video using an exponentially weighted moving average (exponential smoothing): B t = ð1 À aÞB tÀ1 + aF t . In this equation F t is the current frame, B t is the current estimate of the background, B tÀ1 is the previous estimate of the background, and a is known as the smoothing factor. In our work we used a = 0:02 and considered the exponential smoothing to be fully initialized after 50 frames. After the exponential smoothing is fully initialized, the background is subtracted from each frame and a Canny edge detector [45] is applied to the resulting image after contrast stretching. If a close contour is detected within the arena, it is associated with the larva. This approach allows us not only to track the larva frame by frame, but also record the exact shape of the larva. The latter is used to generate normalized heatmaps, stored as PNG images that represent the probability of observing the larva at a certain location within the arena. Furthermore, as the larva moves freely within the arena, its distance (normalized with respect to the size of the Petri dish) from both the arena's and the target area's center are computed. At the end of each video, the probability of observing a larva at a certain distance from either centers is computed using the kernel density estimator [46] provided by the statsmodel library [47] ( Figure S1D ). The location of the barycenter of the larval detected shape is used not only to evaluate location but also velocity and traveled distance at each frame ( Figure S1E ), controlling for the potential for altered locomotive patterns affecting the observed values of larval attraction to a target. These values were stored within an Excel spreadsheet used for further analysis. The Excel file also contains all the metadata relative to the assay as well as a standardized version of the oriented heatmap evaluated by using a 1 cm square grid co-centered with the arena ellipse. These data were used to synthesize and compare the behavior of different larvae across visual attraction assays. We used the percentage of the total number of frames in which a larva was observed within 15 mm from the center of the target as a representation of visual attraction ( Figures 2C and 2D) . If the percentage of frames in which a larva was observed within 20 mm from the center of the Petri dish exceeded 50%, the video was discarded due to concerns indicating mechanistic locomotion problems not involving vision, considering that larvae were originally placed in the center. b. Clustering assays (measuring time delays between larvae) Another customized Python-based software tool (available upon request) was developed to track larval movements and measure time delays in a 2D cluster [5] . The application allowed the user to identify regions of interest (larva tails) to be tracked simultaneously within hi-resolution video recordings (24fps at 1920x1080). For each region identified by the user, the software generates a template based on a running weighted average of the last 30 frames (with higher weight associated the most recent frames). This template is used to detect and track the larvae's tails from frame to frame. Using this approach, the absolute position of the larvae's tails as well as their position relative to each other are tracked over time. These displacements are plotted as they are measured and stored in a CSV format for further analysis. We used these datasheets to quantify the delays between upward compression movements between each pair of larvae within a triplet. For each genotype, 10-15 10-minute high-resolution recordings were acquired derived from different 2D cluster assays. Normalized time delays ( Figures 1C, 1D , and 2D) were expressed as time differences between contractions of adjacent larvae within a triplet divided by the length of larval contraction cycle (measured individually for each genotype). Data points represent time delay values derived from single contractions of a larval pair.
ImageJ video analysis
Videos from recordings of 2D cluster assays (percentage larvae in clusters measurements), vials (cluster frequency measurements) and light avoidance assays were imported into ImageJ (32-bit version) as QuickTime movies and manually analyzed frame-by-frame. For cluster frequency measurements, the number of frames with a clearly visible cluster was expressed as a fraction of the total number of frames recorded per day (1440 frames during a 24-hour period (see Video recordings for more details). Every data point (Figure 2A ) represents the percentage of time a cluster was seen during a 24h recording of a single vial of a given genotype. Therefore, 15-21 data points were acquired for all strains. For light avoidance assays, the light preference index ( Figures 2B and 2D ) was calculated as the ratio of larvae in light 5 min after the start of the experiment to the total number of larvae originally placed in the dish. Data points represent the results of individual 5 min assays. For the percentage of larvae in 2D clusters measurements ( Figures 1C, 1D , and 2D), 15 videos were analyzed for each genotype. The fraction of larvae engaged in clusters was calculated as the ratio of larvae observed within all visible clusters to the total number of larvae seen at a given time point. This value was assessed every 108 frames (18 min) for 3 hours (see 2D cluster preparation), producing 10 values that were subsequently averaged and expressed as a single resulting data point representing one 5-hour recording from a single 2D apparatus per designated strain (resulting in n = 15 for all genotypes).
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Volocity reconstructions and measurements For the measurements of PR presynaptic bouton sizes and Rh6-Brp::mCherry puncta number evaluation, corresponding confocal Z stacks were imported into Volocity, auto leveled and reconstructed in 3D for further analysis. Images were segmented and quantified using the Volocity Classifier [28] . Customized settings were used to identify and separate objects of a designated shape and size corresponding to a single Rh6-Brp::mCherry punctum (representing an individual T-bar) or a single Rh5 or Rh6-PR presynaptic bouton. For classification, the intensity distribution minimums and maximums were bounded, with additional noise reduction and touching object separation. The lower object size threshold was set at 0.1 (sphere) and 1 mm 3 (short ovoid) for Brp puncta and presynaptic boutons, respectively. For quantitative assessment of presynaptic bouton size in PRs, only images with clearly visible distinct presynaptic boutons were chosen ( Figures 3A, 3B , and S2C). Every data point represents a single bouton measurement.
In most cases, 2-4 boutons (representing 1-2 cells) were measured per brain, and only 1 brain lobe was used for measurements. Therefore, every dataset is represented by $15-50 animals per genotype/light condition. For Rh6-Brp::mCherry puncta, total number ( Figures 4B, 4C , S3B, and S3D) and total volume ( Figures S3C and S3E ) of puncta were evaluated. Each data point represents a number of Rh6-Brp::mCherry puncta in a single brain lobe (only one side of the brain was measured for all animals).
Calcium imaging analysis
The quantification and graphing of the calcium imaging data were performed using a custom written MATLAB script. Specifically, the average fluorescence intensity of the 20 frames prior to the stimulation was computed as F0. The change of fluorescence intensity after the stimulation was computed as (Ft-F0)/F0 (DF/F). For each sample, the peak amplitude, defined as the highest value of DF/F within the 80 frames after the stimulation, was computed and used for statistical analyses. Traces in Figures were generated by plotting the average DF/F of individual samples ± standard error of the mean for each frame for the duration of 20 s or 200 frames using a customized MATLAB script. Sample number n represents the numbers of animals used in the recording.
Statistical analysis
Unless otherwise stated, all data are presented as the mean and error bars represent the SEM for behavioral and calcium imaging experiments (Figures 1, 2 , and 4) and 95% confidence intervals for boutons and Brp puncta morphological measurements (Figures 3  and 4) . Statistical significance was calculated by one-way ANOVA using Tukey's method. When comparing two groups of normally distributed data, Student's two-tailed unpaired t test was used. *p < 0.05; **p < 0.01; ***p < 0.001. Statistical analysis is also reported within the Results section and Figure Legends . Analysis was conducted using the GraphPad Prism 7 statistical software for Windows.
DATA AND SOFTWARE AVAILABILITY
Sample confocal image stacks are available on Medeley Data: https://doi.org/10.17632/z6pfm23dcr.1. Other primary data (including video recordings, calcium imaging recordings and more image stacks) are available upon request. Information about and requests for data can be directed to and will be fulfilled by the Lead Contact, Barry Condron (bc4f@virginia.edu). Python code for larval tracking software is available at the following links: https://github.com/avaccari/DrosophilaAttraction (tracking software used for visual attraction assays) https://github.com/avaccari/DrosophilaCooperative (tracking software used for clustering assays)
